The expression of four major steroidogenic enzymes in porcine theca and granulosa cell layers of preovulatory follicles was related to the levels of steroids in follicular fluid and gonadotropin concentrations in peripheral serum at slaughter. Ovaries were collected during proestrus, early estrus, and late estrus as evidenced by behavioral signs. Follicles were dissected from the ovaries, and theca, granulosa, and follicular fluids were pooled for each of 24 sows. Cytochromes P450 17a-hydroxylase/17-20 lyase (P450c, 7 ), aromatase (P450o), and side-chain cleavage (P450,), as well as 33-hydroxysteroid dehydrogenase (3[HSD), were subjected to Northern and Western immunoblot analyses. The concentrations of estradiol-17[, testosterone, androstenedione, and progesterone were determined in follicular fluid, and peripheral serum was assayed for estradiol-17, LH, and FSH. Stages of preovulatory development were verified by plasma levels of LH, FSH, and estradiol-17[. Theca expressed P450c, 7 , P450=o, P450,,, and 3HSD whereas granulosa expressed only P450,om and low levels of P450,,c. Thecal P450¢, 7 , thecal P450_,,m, and granulosa P450, expression decreased coincidentally as serum estradiol-17D and follicular fluid estradiol-17, testosterone, and androstenedione levels declined after the presumed gonadotropin surge. Unlike P450¢, 7 and P450,,m, P450, and 3HSD remained relatively constant in theca and granulosa. From these data, we suggest that the theca interna may be the primary steroidogenic compartment of the porcine follicle during its final stages of preovulatory development. Moreover, preovulatory estrogen secretion appears to be controlled by the coordinated expression of a triad of enzymes in the porcine follicle that includes theca P450,, 7 , theca P450om, and granulosa P450.
INTRODUCTION
Estradiol plays an essential role in mammalian folliculogenesis. In most species, a rise in estradiol synthesis and secretion immediately precedes the preovulatory surge of gonadotropins and serves to coordinate many aspects of ovarian follicular and reproductive function [1] . Concentrations of estradiol and other steroids have been well characterized in plasma and follicular fluid [2] of a number of species; however, much less is known about the expression of the steroidogenic enzymes that bring about the synthesis of estrogen in the follicle. Estrogen synthesis is dependent on the availability of androgen and the conversion of androgens into estrogens [2] . Androgen synthesis occurs through the activity of the enzyme cytochrome P450 17a-hydroxylase/17-20 lyase (P450c, 7 ) , and the conversion of androgens into estrogens is catalyzed by cytochrome P450 aromatase (P450arom). It has been suggested that decreased levels of both P450c 17 and P450arom are associated with the decline in follicular estrogen secretion during the periovulatory period in the rat [3, 4] and the cow [5] .
The follicle is compartmentalized both anatomically and functionally. A basement membrane forms a defined anatomical boundary between the theca and the granulosa cell layers. This structural distinction is supported by functional differences that result, in part, from partitioning of gonadotropin receptors [2] . More importantly, each of these follicular tissue compartments responds to gonadotropic stimulation by the synthesis of different steroid products. In general, granulosa cells can convert androgens to estrogens but are incapable of androgen synthesis, which occurs exclusively in the theca [6, 7] . However, the theca interna of some animals, notably the pig, demonstrates P 4 50arOm activity in addition to P450c,, 7 . Therefore, porcine theca can synthesize estrogen independently of the granulosa [8] [9] [10] . Although estrogen synthesis by theca is significant, the relative contributions of theca and granulosa cell layers to the net production of estrogen by the porcine ovary remain poorly defined.
Despite considerable research on porcine follicles [11, 12] , our understanding of follicular steroidogenesis remains rudimentary for a number of reasons. Most studies on steroid synthesis by theca and granulosa tissues have utilized isolated cells cultured over several days [2, 6, 7] . Both theca [13] and granulosa cells [14] of pigs are known to luteinize in vitro, and therefore the results of such experiments may not accurately reflect in vivo enzyme activities. Also, steroidogenesis is controlled at the transcriptional level with respect to the genes encoding the steroid hydroxylase enzymes [15] . Therefore, defining the in vivo levels of expression of the major enzymes involved in steroid synthesis in both tissue compartments of the follicle is required to develop a better understanding of follicular steroidogenesis.
The present experiment was undertaken to characterize the in vivo expression of four major steroidogenic enzymes in the theca and granulosa cell layers of follicles of spontaneously cyclic sows at different stages of preovulatory ovarian development. The concentrations of several steroids were determined in follicular fluid, and systemic concentrations of estradiol, LH, and FSH were measured in blood samples drawn before slaughter to further define the stage of follicular maturity.
MATERIALS AND METHODS

Animals
Sows were observed for signs of behavioral estrus at 8-h intervals and were slaughtered or laparotomized when found to be in proestrus (riding other sows but not standing to be mounted; n = 7), early estrus (first observation of standing; n = 10), or late estrus (approximately 30 h after detection of early estrus; n = 7). This selection procedure was designed to ensure a wide range in ovarian estradiol secretion and follicular development among animals with which to assess changes in expression of key steroidogenic enzymes and steroid biosynthesis. Indeed, three animals that were laparotomized in late estrus were found to have ovulated and were excluded from the study.
Ovaries from each sow were collected on ice, and the 16 largest follicles (average ovulation rate for sows in this herd was 18) were dissected from the ovarian stroma. Follicles ranged in size from 7 to 10 mm in diameter and were determined to be preovulatory on the basis of size and vascularity. Fluid was aspirated before the follicles were dissected. Granulosa cells were recovered after centrifugation of follicular fluid and scraping of open follicles. The theca interna was stripped from each follicle and washed to remove any granulosa cells visible under a dissecting microscope. Granulosa and theca cell layers from follicles of each sow were pooled to obtain sufficient tissue for Northern and Western analyses.
Northern Analysis
Procedures were as described previously [16] . Tissues were homogenized in guanadinium thiocyanate (4 M), sodium citrate (1 M), and sodium lauryl sarcosine (0.017 M) and layered over a cesium chloride cushion (5.7 M CsC1 2 , 0.1 M EDTA). Total RNA was pelleted by centrifugation at 100 000 x g for 150 min and resuspended in RNAase-free water. Samples were then precipitated with sodium acetate, washed with 70% ethanol, and resuspended in water. The final concentration of RNA in each sample was determined by optical absorbance at 260 nm. Theca yielded three times the amount of total RNA obtained from granulosa (291 -+ 20 vs. 98 14 ,ug, respectively); this was consistent with the mass of each tissue compartment. Electrophoresis was performed on 10 ,ug of each RNA sample through use of 1.1% agarose gels followed by transfer onto nylon membranes (Magnagraph; Micron Separations Inc., Westboro, MA).
The uniformity of loading was verified by densitometric quantification of 18S and 28S ribosomal RNA bands that were stained with ethidium bromide visualized under UV light. Coefficients of variation for loading relative to the 18S and 28S ribosomal bands were 24% and 25%, respectively. Adjusting for loading differences did not affect the results of analyses; therefore, data were analyzed without correction.
Hybridizations were performed with cDNAs encoding for porcine P450¢ 17 [17] , bovine P450arom [18] , porcine P450 side chain cleavage (P450c) [19] , and human 39g-hydroxysteroid dehydrogenase (33HSD) [20] . Specific cDNAs, which were radiolabeled with [
32 P]ATP (Multiprime; Amersham, Arlington Heights, IL) to a specific activity of approximately 3 x 106 dpm/ng, were hybridized with membranes at 42°C overnight. After hybridization, membranes were washed twice for 20 min each in 0.1-strength saline-sodium citrate (SSC)/ 0.1%SDS at room temperature and at 42°C for an additional 15 min. Specific hybridizing bands were detected by autoradiography and quantified by one-dimensional image analysis on a laser densitometer (UltroScan XL; Pharmacia, Pitscataway, NJ). All samples were hybridized, washed, and autoradiographed concurrently to minimize membrane-tomembrane variability.
Western Immunoblot
Enzyme protein was also analyzed as described previously [16] . Briefly, tissues were homogenized in 1% sodium cholate/0.1% SDS. Protein concentrations in tissue homogenates were determined through use of a modified Lowry procedure (BCA Protein Reagent; Pierce, Rockford, IL) with bovine albumin as a standard. Theca and granulosa cell homogenates (50 Izg crude protein/lane) were subjected to electrophoresis on 8% polyacrylamide-SDS gels, and the proteins were transferred onto polyvinyl membranes (Immobilon-P; Millipore, Bedford, MA) by electroblotting. Membranes were immunoblotted with polyclonal antibodies raised against purified porcine P450c 17 (kindly provided by Dr. J. Ian Mason, University of Texas Southwestern Medical Center, Dallas, TX), a synthetic peptide representing a highly conserved region [21] of P450arom (kindly provided by Dr. Evan R. Simpson, University of Texas Southwestern Medical Center, Dallas, TX), bovine P450scc, and human 3PHSD (Oxygene, Dallas, TX). All antibodies are specific as demonstrated by immunoblotting [16, 22] and immunostaining ( [23] ; unpublished observations) performed on various porcine tissues. Immunoreactive protein bands were detected using ['2
5 I]-labeled protein A (> 30 Ci/RIg; ICN Biomedicals, Costa Mesa, CA) followed by autoradiography. All samples were subjected to Western analysis concurrently, and immunodetectable bands were quantified by laser densitometry as described for Northern analysis.
R/As
Follicular fluid samples were diluted 1:100 in buffer to fall in the middle of the standard curve and were assayed without extraction for estradiol-1703, testosterone, androstenedione, and progesterone by double-antibody techniques using [' 25 I]-labeled tracers as detailed elsewhere [24, 25] . Serum was assayed for LH and FSH, and for estradiol after ether extraction in which 91% of added tracer was recovered. Concentrations of each hormone were determined in all samples within a single assay. Intraassay coefficients of variation for each assay were less than 12%. Sensitivities (90% binding) were 8 pg/tube or better for steroid assays performed on follicular fluid, 1 pg/tube for serum estradiol, 4 ng/ml for FSH, and 0.4 ng/ml for LH. Hormone concentrations were determined in all samples in single assays.
Statistical Analysis
Data were compiled from one-dimensional densitometric scans of all autoradiograms. Analyses were performed in statistical blocks; i.e., each Northern or Western membrane was balanced to include samples from proestrous, early estrous, and late estrous animals. Statistical analyses included complete analyses of variances, partial Pearson's correlation coefficients, and multiple linear regression [26] .
RESULTS
Single hybridizable and immunoreactive bands (P450c, 7 , 1.8 kb and 53 kDa; P450arom, 2.3 kb and 46 kDa; P450scc, 1.7 kb and 51 kDa; 3HSD, 1.7 kb and 47 kDa, respectively [16] ) were detected by Northern and Western analyses of theca and granulosa cell extracts and homogenates, respectively. Steroidogenic enzyme expression displayed distinctly different patterns in each of these cell layers ( Figs.  1 and 2 ). P450? 17 was expressed only by the theca cell layer, and P450,,cc and 33HSD expression was higher in theca than in the granulosa cell layer (p < 0.01). Low levels of expression of the latter enzyme were detected in some granulosa cell samples by Northern analysis, but enzyme protein was not detectable in any of the granulosa cell samples by immunoblot analysis (Fig. 2A) . Cytochrome P450rom was expressed by both cell types (Figs. 1B and 2B) . However, on the basis of mRNA and protein, without correction for the relative size of each tissue compartment, P450.o was higher in the granulosa (p < 0.01). In preliminary experiments, theca cells in culture were responsive to LH but not FSH (unpublished observations). This, together with the demonstration that 33HSD was absent in granulosa while readily detectable in theca, indicates that the isolation procedure used in the present study yielded theca and granulosa cells with minimal cross-contamination.
The ranges of concentrations for estradiol (6 to 848 ng/ ml), androstenedione (7 to 1001 ng/ml), testosterone (1 to 232 ng/ml), and progesterone (69 to 612 ng/ml) in follicular fluid and for estradiol in peripheral serum (1.8 to 55.3 pg/ml) corresponded well with previously reported values [27] . Estradiol levels in serum were correlated with the log of those in follicular fluid (r = +0.77, p < 0.01; Fig. 3,  upper panel) . Moreover, the highest follicular estradiol concentrations were associated initially with low peripheral concentrations of both LH (Fig. 3, upper panel) and FSH (Fig. 3, lower panel) . As estradiol concentrations decreased in follicular fluid, gonadotropin concentrations in serum became more variable, but generally higher. After the presumed preovulatory gonadotropin surge, the levels of estradiol, LH, and FSH declined and remained low (Fig. 3) .
Estradiol, androstenedione, and testosterone concentrations in follicular fluid were correlated significantly with each other (r > 0.73, p < 0.01 for all three comparisons), 
FIG. 5. Coefficients of regression (R
2 ) relating densitometric analysis of autoradiographs for P450c17 and P 4 50r.,m in the theca and granulosa compartments of preovulatory porcine follicles to follicular fluid concentrations of estradiol-17p. Panel A presents the regression coefficients for estradiol-17 and Northern analysis for theca P450 1 7 , theca P450rom, and granulosa P450,rm,. Panel B presents the regression coefficients between estradiol-17 and Western immunoblot analysis of theca P450, 17 , theca P450arom, and granulosa P 4 50arom.
relations were observed between the theca and the granulosa for the mRNAs encoding P450m,,,, P450,,c,, and 3[HSD (r > +0.57,p < 0.01). However, correlations between concentrations of estradiol, androstenedione, or testosterone in follicular fluid and the expression of P450,cc or 3fHSD were not significant (data not shown).
but progesterone was negatively correlated with all other steroids (r > -0.44, p < 0.05 for all comparisons). More importantly, decreases in the concentrations of estradiol in follicular fluid were associated with reduced expression of P450,c 7 in the theca and with reduced P450arom expression in theca and granulosa cells (Fig. 4) . These correlations were evident from Northern and Western analyses, although changes in the levels of mRNA for P450c 17 and P450.,m were more pronounced (Fig. 4 , P450c, 7 : upper panel; P450ar..: middle and lower panels show Western and Northern data, respectively), as summarized in Figure 5 . Significant cor-
DISCUSSION
The present study was an examination of the tissue-specific expression of four key steroidogenic enzymes leading to estrogen synthesis in preovulatory follicles of cyclic pigs. The data are consistent with the view that P450c, 7 is expressed exclusively in the theca interna [23] and that P450,arm is expressed by theca and granulosa cells of the preovulatory porcine follicle [8] [9] [10] . The later observation is consistent with the significant secretion of estrogen by both theca and granulosa cells in culture [8, 9] . Granulosa cells appear to express higher levels of P450ar,, than the theca. However, after adjustment for the greater mass of the theca, Granulosa cells of the preovulatory porcine follicle expressed P450scc and 3HSD mRNA, but at levels that were significantly lower than those expressed in the theca. More importantly, despite readily detectable levels in theca cells, 3fHSD was not detected by immunoblot analysis of granulosa cells isolated from any animal in this study. In support of this observation, other studies have also failed to detect significant levels of 3HSD in freshly isolated granulosa cells [28] . This suggests that progesterone secretion by granulosa cells in culture [8] may reflect in vitro luteinization rather than preovulatory steroidogenic activity in vivo. Collectively, the data indicate that the only significant steroidogenic contribution by the granulosa cells of the preovulatory porcine follicle, apparently, is the aromatization of theca-derived androgens. In contrast, the theca cells of the porcine preovulatory follicle appear capable of synthesizing significant quantities of estrogen independent of the granulosa layer by virtue of a more complete complement of steroidogenic enzymes. The relative lack of 3HSD in granulosa cells, together with the significant levels of P450,om in theca cells, suggests that the classical "two cell" hypothesis may not reflect accurately the way in which estrogens are synthesized in the porcine follicle.
The synthesis of androgens and estrogens declines in porcine follicles during the immediate preovulatory period [27, 29] after the gonadotropin surge [29, 30] . Only a single peripheral blood sample from each sow was examined for LH and FSH concentrations in the present study, and variability in timing exists between the onset of the LH surge and estrous behavior in pigs [31] . Nonetheless, the data suggest that a general reduction in follicular steroidogenesis occurs before ovulation in response to the gonadotropin surge, resulting in decreased steroidogenic enzyme expression. In fact, the earliest events associated with luteinization in the pig appear to involve a decline in estrogen synthesis through the reduced expression of P450c 17 and P450arom. Luteinization, characterized by an increase in the expression of P450,cc and 3HSD [32] , was not observed in the present study and must therefore occur subsequent to the decline in P450c 17 and P450arom, perhaps not until after ovulation.
The present data represent the first direct examination of in vivo levels of steroidogenic enzymes and the transcripts encoding them in pigs. Importantly, theca P450c, 7 , theca P450rm, and granulosa P 4 50om were correlated closely with follicular fluid levels of estradiol, androstenedione, and testosterone during preovulatory follicular development. The results are in general agreement with previous studies in pigs that have investigated steroid levels in plasma and follicular fluid and steroid production by cultured ovarian cells [8-11, 27, 33, 34] . However, some of these reports present apparent contradictions with respect to the relative importance of P450C 17 and P450rom in ovarian estrogen synthesis. Moreover, because of differences in experimental design, including animal treatments, tissue collection times, and culture conditions, these reports are difficult to relate not only to one another, but also to in vivo physiological status. Data from Ainsworth's laboratory [12] have emphasized the importance of P 4 50aom. Estrogen synthesis decreased in cultured theca and granulosa cells in parallel with the decline in follicular estrogen levels after hCG administration in eCG-treated gilts. Androgen synthesis by theca cells was maintained, although it was no longer stimulated by LH [10] .
Therefore, the investigators concluded that P 4 50,,om was limiting in the synthesis of estradiol by the preovulatory follicle [10, 12] . Studies by Foxcroft's [11, 34] group focus more on the role of P4501c 7 . In gilts with spontaneous cycles, no decrease was observed in the conversion of androgen to estrogen by granulosa cells despite a marked decline in follicular fluid estrogen concentrations during the preovulatory period [33] . This observation, together with a significant correlation between theca testosterone concentrations and follicular fluid estrogen levels, led the authors to conclude that P450c, 7 , not P450arom, was rate limiting in follicular estrogen secretion [11, 33, 34] . We propose that both P450c 17 and P450arom decline and are important in reducing estrogen secretion. In effect, estradiol synthesis in preovulatory porcine follicles is controlled by a triad of enzymes, namely, theca P450c, 7 , theca P450rom, and granulosa P450,,m.
Which enzyme, in which follicle compartment, may be rate limiting at any point in development is difficult to determine from these or previously reported data. The coordinate decrease in the expression of theca P450 1 7 , theca P 4 50arom, and granulosa P 4 50arom after the presumed gonadotropin surge is also of interest. Studies conducted in Leydig cells indicate that exposure to elevated levels of LH down-regulates the receptor, resulting in a reduction in steroid secretion [35] . A similar mechanism is presumed to hold for the ovary. Porcine granulosa cells express LH receptors at levels equal to or exceeding those in theca cells even early in follicle development [33] . Therefore, LH receptor down-regulation would appear to provide an explanation for the synchronous decline in P450c 17 and P 4 50arom in porcine theca and in the granulosa cells before ovulation. One other possibility should be considered. Although the correlations observed between estradiol concentrations in follicular fluid and P450c 17 and P450arom affirm the importance of these enzymes in the synthesis of ovarian estrogen, as discussed above, they might also point to an alternative or additional mechanism whereby transcription of these enzymes is regulated. The second possibility is consistent with evidence that estrogen influences thecal androgen synthesis in vitro [36, 37, 38] . Further studies at a molecular level are required to investigate this possibility.
In conclusion, the data presented confirm that theca cells, as well as granulosa cells, of the porcine preovulatory fol-licle express P450arom but that P45OC 17 is expressed only in the theca. Granulosa cells appear to express only low levels of P450,cc, and 3HSD enzyme is undetectable; this emphasizes the relative importance of the theca cell layer in preovulatory ovarian steroidogenesis. Positive correlations between follicular fluid estradiol concentrations and the levels of theca P450, 17 , theca P450arom, and granulosa P450arom suggest that this triad of enzymes are intimately involved in the regulation of follicular estrogen secretion in the pig. Moreover, significant positive correlations among the levels of these three enzymes indicate that their expression is controlled in a coordinated fashion.
